Conversion of the normal protease-sensitive prion protein (PrP) to its abnormal protease-resistant isoform (PrP-res) is a major feature of the pathogenesis associated with transmissible spongiform encephalopathy (TSE) diseases. In previous experiments, PrP conversion was inhibited by a peptide composed of hamster PrP residues 109 to 141, suggesting that this region of the PrP molecule plays a crucial role in the conversion process. In this study, we used PrP-res derived from animals infected with two different mouse scrapie strains and one hamster scrapie strain to investigate the species specificity of these conversion reactions. Conversion of PrP was found to be completely species specific; however, despite having three amino acid differences, peptides corresponding to the hamster and mouse PrP sequences from residues 109 to 141 inhibited both the mouse and hamster PrP conversion systems equally. Furthermore, a peptide corresponding to hamster PrP residues 119 to 136, which was identical in both mouse and hamster PrP, was able to inhibit PrP-res formation in both the mouse and hamster cell-free systems as well as in scrapie-infected mouse neuroblastoma cell cultures. Because the PrP region from 119 to 136 is very conserved in most species, this peptide may have inhibitory effects on PrP conversion in a wide variety of TSE diseases.
The transmissible spongiform encephalopathy (TSE) diseases are fatal neurodegenerative diseases that include Creutzfeldt-Jakob disease, kuru, and Gerstmann-Sträussler-Scheinker syndrome in humans, scrapie in sheep and goats, and bovine spongiform encephalopathy in cattle (5, 28) . TSE diseases are characterized by the accumulation of abnormal protease-resistant prion protein (PrP-res) which is derived from normal protease-sensitive prion protein (PrP-sen). PrPres can be distinguished from PrP-sen by its increased ␤-sheet content, partial protease resistance, and tendency to form large aggregates (7, 24, 35) . Although PrP-res by itself may induce functional damage to the central nervous system, the generation of spongiform pathology requires the presence of both PrP-res and PrP-sen (2) .
PrP-res formation has been studied at three different levels: TSE-infected live animals, scrapie-infected tissue culture cells, and cell-free reactions in test tubes. At all three levels, certain restrictions between TSE agents from different species have been observed. One of these restrictions is the PrP amino acid sequence, which varies among species and appears to be important in PrP interactions involved in the species specificity of TSE diseases. For example, in transgenic mice expression of hamster PrP induces susceptibility to hamster scrapie (31, 32, 36) . Conversely, coexpression of heterologous PrP molecules in transgenic mice can inhibit or delay onset of clinical TSE disease (27, 32) , and expression of heterologous PrP in scrapieinfected mouse tissue culture cells can block the generation of mouse PrP-res (26) . In the cell-free conversion system where incubation of PrP-res with PrP-sen leads to formation of new PrP-res, the species specificity of the conversion reaction appears to mirror the ability of various different TSE agents to cross from one species to another (1, 20, 33) . In previous studies using chimeric recombinant PrP genes, sequences from the central region of PrP were found to be important in these species-specific effects (37) . Furthermore, in recent studies a synthetic PrP peptide from the central portion of the hamster PrP molecule including residues 109 to 141 was able to directly inhibit the cell-free conversion of hamster PrP-sen to PrP-res (8) . It was proposed that this peptide inhibited conversion possibly by substituting for PrP-sen or PrP-res in the binding interaction that leads to conversion (8) .
In this study, using PrP-res derived from two mouse scrapie strains and one hamster scrapie strain in cell-free conversion reactions, we found formation of mouse and hamster PrP-res to be completely species specific. However, peptides corresponding to mouse PrP residues 108 to 140 (peptide MoP108-140) and hamster PrP residues 109 to 141 (peptide HaP109-141) were found to cross-inhibit cell-free conversion in both systems. Thus, the species-specific differences in these peptides were not important to the inhibition process. Strong inhibition was also obtained in analyses using a smaller PrP peptide from residue 119 to 136 with a sequence common to both mouse and hamster PrP. Furthermore, this peptide, P119-136, was found to inhibit the accumulation of PrP-res in a more physiological system using scrapie-infected murine neuroblastoma (Sc ϩ MNB) cell cultures (30) .
ture, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Rockville, Md. These peptides differ at three positions (underlined). Hamster PrP has a single amino acid insertion at position 54 compared with the mouse PrP; thus, mouse and hamster PrP amino acid residues differ by 1 in their numbering (21, 22, 34) . Peptides were Ͼ95% pure, and analysis by high-pressure liquid chromatography revealed only a single peak. Alzheimer's disease amyloid ␤ protein fragment 1-40 (A␤1-40) was purchased from Sigma. Lyophilized peptides were dissolved in deionized water at a concentration of 2 mM and stored at Ϫ20°C. Purification and analysis of PrP-res. PrP-res was purified by detergent lysis and differential centrifugation (13) . Hamster 263K PrP-res was obtained from brains of scrapie-infected Syrian golden hamsters. Mouse Obihiro and mouse 87V PrP-res preparations were obtained from Slc/ICR or VM mice and were the generous gifts of Motohiro Horiuchi (Rocky Mountain Laboratories, Hamilton, Mont.) and James Hope (University of Edinburgh, Edinburgh, United Kingdom), respectively. The Obihiro mouse scrapie strain was originally derived from a scrapie-infected sheep (38) and was propagated in Slc/ICR mice by more than 20 passages at near-limiting dilution. The yield of PrP-res was determined by Western blotting with a polyclonal rabbit antiserum (R27) raised against a synthetic PrP peptide (residues 89 to 103) (6) . The purity of the preparations was estimated at 50 to 60% by silver staining of gels after sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). PrP-res preparations were diluted to 1 mg/ml in phosphate-buffered saline containing 1% sulfobetaine 3-14 and stored at Ϫ20°C until use.
Labeling and purification of PrP-sen. Recombinant hamster and mouse PrPsen molecules without the glycophosphatidylinositol (GPI) anchor (GPI negative) (19) were radiolabeled with Tran 35 S methionine/cysteine (Dupont-NEN) and purified as previously described (33) . Radiolabeled GPI-negative mouse PrP-sen was immunoprecipitated from cell culture medium with rabbit polyclonal antiserum R27. Radiolabeled GPI-negative hamster PrP-sen was immunoprecipitated from lysed cells as previously described (33) by using mouse monoclonal antibody 3F4, which recognizes an epitope within hamster PrP containing methionine at positions 109 and 112 (16) . The radiolabeled PrP-sen molecules were bound to protein A-Sepharose beads, eluted with 0.1 M acetic acid, and stored at 4°C.
Cell-free conversion assay. The in vitro conversion reaction was performed as previously described (19, 33) . Briefly, purified PrP-res was partially denatured with 2.5 M guanidine hydrochloride for 30 min at 37°C. An aliquot of 200 ng of partially denatured PrP-res was incubated with 12,000 cpm of immunoprecipitated 35 S-labeled PrP-sen (ϳ1 ng) for 36 h at 37°C in the presence or absence of peptide. At the end of the incubation time, the reaction mixtures were digested with 50 g of proteinase K (PK) per ml for 45 min at 37°C. At the concentrations used, none of the peptides affected the PK digestion of PrP-res (data not shown). One-tenth of the reaction mixture was reserved as a non-PK-treated control. Following PK digestion, a mixture of thyroglobulin (4 mg/ml) and Pefabloc (20 mM) was added, and the samples were precipitated in 5 volumes of methanol. The resultant pellets were resuspended in sample buffer (65 mM Tris-HCl [pH 6.8], 5% glycerol, 5% SDS, 4 M urea, 5% ␤-mercaptoethanol, 0.5% bromophenol blue), boiled for 5 min, and analyzed by SDS-PAGE on 16% acrylamide precast NOVEX gels. The amount of 35 S-labeled PrP seen in PK-treated or untreated reactions was quantified by using a Storm PhosphorImager and ImageQuant software (Molecular Dynamics), and the percent conversion was calculated as (volume of PK-resistant form ϫ 100)/(volume of PK-sensitive form ϫ 10). Relative percent conversion was calculated as (volume of PK-resistant form in presence of peptide ϫ 100)/(volume of PK-resistant form in control condition).
Assay for PrP-res accumulation in Sc ؉ MNB cultures. Sc ϩ MNB cells (30) were maintained in Opti-MEM medium (Life Technologies) supplemented with 10% fetal calf serum and were seeded at 5 to 10% confluent density into 35-mm-diameter dishes. Twelve hours after plating at 37°C, the cells were treated with the indicated concentrations of peptides for 3 to 4 days. The cells were lysed, and the cleared supernatants were treated with PK (20 g/ml) for 20 min at 37°C. PK digestion was stopped by the addition of 0.1 M Pefabloc, and PrP-res was pelleted by centrifugation at 300,000 ϫ g for 2 h at 4°C. Pellets were solubilized in SDS-PAGE sample buffer by sonication and boiled 5 min prior to running on 14% acrylamide precast NOVEX gels. PrP-res was assayed by Western blotting with rabbit polyclonal anti-PrP antiserum R27, and the blots were developed by using an enhanced chemifluorescence system (Vistra ECF; Amersham). PrP-res bands were quantified with a Storm PhosphorImager (Molecular Dynamics).
RESULTS
Species specificity of the cell-free conversion reaction. In previous studies, PrP-res derived from brain infected with the Chandler/RML isolate of mouse scrapie was able to convert both mouse and hamster PrP-sen to a protease-resistant form (20) . This unexpected lack of species specificity might have been due to the fact that the Chandler scrapie isolate has not been cloned by limiting dilution (9) and may contain several different strains of scrapie agent with different abilities to interact with hamster PrP-sen. Therefore, in this study we used two different cloned strains of mouse scrapie, Obihiro and 87V (3, 18, 38) , as sources of PrP-res to compare with the cloned hamster scrapie strain, 263K (17, 18) . Purified PrP-res from each of these three scrapie strains was incubated with radiolabeled mouse or hamster PrP-sen molecules. PrP-res from strain 263K efficiently converted radiolabeled hamster PrP-sen to a ϳ20-kDa PK-resistant form; however, by comparison, conversion of mouse PrP-sen was reduced by more than 90% (Fig. 1A and B) . Similarly, PrP-res from both the Obihiro and 87V mouse strains was able to convert mouse PrP-sen to PKresistant forms, but conversion of hamster PrP-sen was more than 90% lower (Fig. 1) . Thus, when PrP-res from these three scrapie strains was used in the cell-free conversion system, strong species-specific differences were seen in the amount of conversion observed.
Kinetics of cell-free conversion reactions. To assess whether the species specificity of the cell-free conversion reactions was a function of the incubation time, we incubated hamster 263K and mouse Obihiro PrP-res in the presence of mouse and hamster PrP-sen for various lengths of time. As shown in value after 36 h at 37°C and remained stable for up to 80 h. Less than 3% conversion was observed even after extended incubation of hamster PrP-res with mouse PrP-sen or mouse Obihiro PrP-res with hamster PrP-sen (Fig. 2) . The specificity of these conversion reactions was clearly maintained throughout the 80-h time span of these experiments.
PrP peptide inhibition of conversions induced by hamster and mouse PrP-res. We previously described the inhibition of the hamster PrP-res-induced conversion by a hamster PrP peptide which contains the sequence from positions 109 to 141 in the central part of the PrP molecule (8) . To investigate whether the inhibition of cell-free conversion by PrP peptides showed species specificity, hamster and mouse PrP peptides from this region (HaP109-141 and MoP108-140) were compared in the mouse and hamster conversion systems. Even though these peptides differed at three positions (see Materials and Methods), HaP109-141 and MoP108-140 were each able to inhibit all three hamster and mouse PrP-res-induced conversion reactions tested. The concentrations of each peptide required for 50% inhibition (IC 50 ) were similar (34 to 44 M) in all three reactions (Fig. 3) . This was a somewhat surprising result in view of the distinct species specificity of the PrP-resPrP-sen interactions in the cell-free conversion system, and it suggested that a PrP region with a common sequence in mouse and hamster might be involved in these reactions.
Inhibition of the cell-free conversion by peptides P119-136 and P119-128. We previously found that the amino-terminal end of a hamster PrP peptide starting at residue 119 was required for peptide-induced inhibition of the cell-free conversion system (8) . In the present studies, we synthesized two new hamster PrP peptides, P119-136 and P119-128, in an attempt to localize the sequence required for inhibiting the in vitro conversion reaction. From residues 119 to 136 there are no differences between the mouse and hamster PrP sequences. P119-136 gave strong inhibition of conversion with similar IC 50 values (68, 75, and 75 M) in the three PrP-res-induced conversion reactions tested (Fig. 4) . The shorter peptide P119-128 partially inhibited the three conversion reactions and was found to be 10-fold less effective than P119-136 (IC 50 ϭ 605 to 740 M). Control peptides P121-141 and A␤1-40 showed no inhibition. In summary, PrP peptide P119-136 inhibited the conversion reaction induced by PrP-res from three different scrapie strains obtained from two different species. The fact that this peptide had the same sequence in both mouse and hamster PrP appeared to explain its ability to inhibit cell-free conversion reactions of both species.
Inhibition of PrP-res formation by P119-136 in Sc
؉ MNB cells. Because it remains unresolved whether scrapie infectivity can be generated in the cell-free conversion system, it was of interest to assess the inhibitory potency of various PrP peptides in scrapie-infected tissue culture cells where scrapie infectivity is known to be produced (29) . Sc ϩ MNB cells were incubated for 3 to 4 days in the presence of various peptides (Fig. 5A) . In this system, results for peptides P119-136 and P119-128 were similar to those observed with cell-free conversion. Peptide P119-136 reduced the amount of PrP-res detectable in a concentration-dependent manner, with an IC 50 of 11 M (Fig.  5B) . P119-128 gave only barely detectable inhibition at the highest concentration tested (800 M). In contrast, P109-141 did not inhibit PrP-res formation under standard conditions but did give some inhibition when protease inhibitors were added to the culture medium (data not shown). The negative control peptides PrP P121-141 and A␤1-40 showed no inhibition of the accumulation of PrP-res (Fig. 5A) . In these studies, there was no evidence for cytotoxicity or reduced protein synthesis in cultures exposed to any of these peptides. In summary, P119-136 was an effective inhibitor of PrP-res generation in both the cell-free conversion and scrapie-infected cell culture systems.
DISCUSSION
In this study, we investigated the species-specific formation of both hamster and mouse PrP-res and the inhibition of that process by PrP peptides. We found that although generation of PrP-res was highly species specific, inhibition of PrP-res formation by PrP peptides was not. This species-independent inhibition was mapped to a peptide sequence completely conserved between mouse and hamster PrP. Our data suggested that PrP peptides could be used as general inhibitors with therapeutic applications against a broad range of TSE diseases in different species.
The ability of an inhibitory peptide to survive in an in vivo environment and to be devoid of cell toxicity are critical properties for a therapeutically useful compound. Although P109-141 and P119-136 strongly inhibited PrP-res formation under cell-free conditions, only P119-136 was able to inhibit PrP-res formation in the context of a living cell. The reason for this difference is unclear but could be due to the stability of the peptide. P109-141 was more soluble than P119-136 (data not shown) and might be more rapidly degraded in the tissue culture medium. This hypothesis was supported by the fact that P109-141 could inhibit the accumulation of PrP-res in scrapieinfected cells if protease inhibitors were added to the medium (data not shown). Furthermore, no cytotoxicity was observed in cells exposed to P119-136. Therefore, P119-136 has possible therapeutic potential, and it will be of interest to determine whether this peptide is also able to reduce the level of scrapie infectivity in scrapie-infected animals.
Two of the peptides used in our experiments, P119-128 and P119-136, are comprised of sequences which are highly conserved in all the species in which the PrP gene has been sequenced. However, only P119-136 showed a strong inhibitory effect which was both species and strain independent. This difference in inhibitory action could be due to the eight amino acid residues present in P119-136 but absent in P119-128. This finding suggests the occurrence of a critical interaction which involves these eight residues. Interestingly, although residues 119 to 136 are highly conserved, some polymorphisms reside within the eight amino acids present in P119-136 but absent in P119-128. Furthermore, all of these polymorphisms are associated with resistance to TSE infection. For example, the PrP genotype at the codon for residue 129 in human PrP influences resistance to Creutzfeldt-Jakob disease (10, 23) , while changes at position 136 in sheep (homologous to position 133 in P119-136) influence resistance to sheep scrapie (12, 14) . Taken together, these observations suggest that amino acid residues 129 to 136 are important in PrP-PrP interactions in vivo and in vitro and that their presence influences the inhibitory action of peptide P119-136 on PrP conversion.
The mechanism of inhibition of PrP-res formation by P119-136 is not known. The peptide could act by binding PrP-sen and blocking any subsequent interactions with PrP-res. Conversely, it could bind to PrP-res and block binding to PrP-sen. The peptide could also disrupt interactions between PrP and other secondary molecules such as glycosaminoglycans which have been hypothesized to be involved in the conversion of PrP-sen to PrP-res (4) . Any of these inhibitory actions might be dependent either on monomeric peptide or on peptide which has aggregated to form amyloid fibrils (11, 15) .
Whatever the mechanism of the inhibition of PrP-res formation by P119-136, our current data differ from previous results for scrapie-infected cells which showed that expression of heterologous PrP interfered with PrP-res formation. This interference was sequence dependent and was mapped to amino acid residues 109, 112, and 139 in hamster PrP (25, 26, 37) . These residues are outside the P119-136 region identified in the present report as important for inhibition of PrP-res formation. This finding suggests that compatibility or incompatibility involving different regions of PrP might result in different inhibitory mechanisms.
Our experiments clearly demonstrate that PrP-res derived from 87V-or Obihiro-infected mice showed a strong preference for conversion of mouse PrP-sen. These results are in contrast to previous results using PrP-res from the Chandler strain of mouse scrapie, which converted both mouse and hamster PrP-sen to PrP-res under similar conditions (20) . The difference in specificity among the different strains of mouse scrapie may be a result of different PrP-res structures associated with each of these strains. Unlike the biologically cloned 263K, 87V, and Obihiro strains of scrapie, the mouse Chandler scrapie agent has not been cloned by limiting dilution and likely contains a heterogeneous mix of scrapie strains (3). Thus, the ability of Chandler-derived PrP-res to convert mouse and hamster PrP-sen to protease-resistant forms may be a reflection of heterogeneity of PrP-res structures associated with this isolate.
